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Abstract

The deuterides of three intermetallic compounds LaNis .., with x = 0, 0.2 and 0.4 have been prepared and analyzed by neutron
powder diffraction at two different deuterium concentrations. On one hand, the crystallographic properties of the « and the ff phases
have been studied with the two phases in equilibrium on the pressure plateau characteristic for the phase transition. On the other
hand, the f§ phase has been studied as a single phase in the solid solution domain. Crystal structures were refined using the Rietveld
method. Crystal symmetry, lattice parameters and deuterium sites and occupancy parameters are reported for all the different
phases. Anisotropic line profile analysis has been used to characterize the strains induced by deuterium absorption in the various
regions of the Pressure-Composition—Isotherm curves. Results are compared for the different values of x and related to the cycle life

properties for each compound.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Many ABs compounds (A: rare earth, B: transition
metal) with the CaCus structure type (P6/mmm space
group, A in la, B in 2¢ and 3g) are known to store
reversibly large amounts of hydrogen and the obtained
metallic hydrides can be used in various applications like
Ni-MH batteries, spacecraft cryo-coolers or fuel cell
supply tanks. However, long-term cycling leads to severe
degradation of the material [1]. It has been shown that
the alloy cycling stability can be significantly improved
by employing the so-called non-stoichiometric com-
pounds [2-5]. For example, over-stoichiometric samples
exhibit enhanced electrochemical cycle life and long-
term cycling can be achieved with Cu or Mn substituted
over-stoichiometric electrode materials [6].

The existence of a homogeneity domain for LaNis
at high temperature (—0.1 <x<0.40 at 1543 K) has been
reported by several authors [7,8]. For the nickel-poor
(under-stoichiometric) compositions, random substitu-
tions of Ni by La were originally proposed to explain the
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non-stoichiometry but more recent work proposes a
lower limit of LaNiygg and assumed the simultaneous
occurrence of both lanthanum atoms and vacancies on
the nickel sites [9]. The over-stoichiometry in LaNis
has been interpreted by the presence of randomly
distributed nickel atom dumbbells occupying site 2¢ in
P6/mmm space group oriented along the c-axis and
replacing lanthanum atoms. Moreover, the Ni atoms
forming a hexagon in the z=0 plane around the
dumbbell are no longer on site 2¢ but shrink into
position 6/(x<1/3). This structural hypothesis has been
confirmed by several diffraction studies [9-11]. Accord-
ingly, the stoichiometry is better described with the
formula La;_,Nis;s, » =x/(7+ x) that describes the
real number of atoms lying in the crystallographic cell.

The over-stoichiometry is limited to x = 0.4 in the
equilibrium diagram of the binary La—-Ni system.
However, recent works have shown that highly over-
stoichiometric compounds (1 <x<4) (so-called ““super”
stoichiometric) can also be obtained using non-equili-
brium methods [12,13]. Crystallographic and thermo-
dynamic properties of LaNis, D4 with x& 1 have been
reported in Ref. [14]. However, in situ neutron diffrac-
tion analysis of this latter compound did not allow to
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fully determining the deuterium atom location since
data were collected on a low-resolution diffractometer.

The structure of the hydride of the stoichiometric
compound LaNisHg¢ has been subject to a lot of
controversy. Lartigue and co-workers [15] carefully
investigated the structure at different D concentrations
from 5 to 6.7D/mol. The low concentrated f phase
could be described either in P6/mmm or Pémm space
groups with 5 or 4 deuterium sites, respectively.
Increasing the concentration, they found that the
deuteride undergoes a structural phase transformation
due to a progressive ordering of D atoms. This results in
a reduction of symmetry and in a superstructure leading
to a doubling of the c-axis and to a new description in
space group P63mc with seven interstitial sites for
deuterium. At the same time, Thompson et al. [16]
studied an isotopically enriched °°Ni compound to
enhance the D scattering contribution and confirmed
the superstructure leading to a double hexagonal cell for
the saturated deuteride.

To our knowledge, few works have been devoted
to the structural properties of LaNis,, hydrides
and structural investigations of the deuterides of the
over-stoichiometric compounds have not been reported
yet. In the present work, we report on the structural
properties of the deuterides LaNis. D, (x =0; 0.2
and 0.4) studied by powder neutron diffraction (ND)
analysis. Space group, symmetry and cell parameters
have been determined and crystallographic properties
are discussed as a function of x in relation with
the nature and occupancy factors of the deuterium
sites. Anisotropic line broadening has also been
investigated for each phase as a function of the
deuterium composition on both sides of the equilibrium
plateau.

2. Experimental

Three intermetallic samples (with x =0, 0.2 and 0.4)
were prepared by induction or arc melting of the pure
components (3N purity) under argon in a water-cooled
copper crucible. The samples were melted five times to
ensure good homogeneity. They were then annealed at
1200°C for 4 days and quenched to room temperature.

Table 1

Details about preparation of over-stoichiometric sam-
ples are given in Ref. [9]

Metallographic examination and elemental analysis
by electron probe micro-analysis (EPMA Cameca
SX100) were performed to check the homogeneity and
stoichiometry of the alloys. The powder X-ray diffrac-
tion experiments (XRD) were obtained at room
temperature on a Bruker AXS D8 6—0 diffractometer
using CuKo radiation (Bragg-Brentano geometry, 20-
range 20-120°, step size 0.02°, backscattered rear
graphite monochromator). All the patterns were indexed
in the CaCus-type hexagonal cell (P6/mmm space
group) and refined with the Rietveld method using the
program FULLPROF [17].

Pressure composition isotherm (PCI) curves were
measured with deuterium gas using the Sievert’s method
at room temperature. For powder ND analysis, about
8 g of crushed alloys were activated by five deuterium
absorption—desorption cycles, transferred to a silica tube
sample holder for the last absorption, deuterium
saturated to a pressure of about 10bar (see Table 1)
and closed under pressure to prevent any desorption
during ND pattern acquisition. For the measurement of
o and B phases in equilibrium (so-called mid plateau
measurements), two saturated samples (with x = 0.2 and
0.4) were desorbed to a nominal capacity of about 3D/
f.u. The sample with nominal capacity LaNisD; 95 was
obtained by deuterium gas absorption on the fully
desorbed sample. Detailed values for all prepared
deuterides are given in Table 1.

ND measurements were carried out at the Labor-
atoire Léon Brillouin in Saclay. The diffraction patterns
were recorded at room temperature on the 3T2
instrument in the range 6°<20<120° by step of 0.05°
4= 1.225°A). The wavy background generated by the
silica tube sample holder was taken into account by
interpolation. According to previous works, three
different structural models were tested for the descrip-
tion of the deuterides. The first one keeps the cell and
symmetry of the intermetallic compound (P6/mmm
space group with La in la, Ni in 2¢, 3g, 6/ and 2e).
The four different crystallographic sites containing
deuterium atoms are given in Table 3. The second
model corresponds to a description in P6mm space
group for which the mirror perpendicular to the c-axis is

Capacity and absorption pressure (or desorption pressure) for the different studied deuterides

Nominal
formula unit

Over-stoichiometry x

Saturated
deuteride (bar)

Mid plateau
deuteride (bar)

0.0 LaNi5‘0
0.2 Lag.97Nis 06
0.4 Lag osNis 1

2.95D/fu. 2.90
3.00 D/f.u. 2.81°
2.98 D/f.u. 4.04°

6.5D/fu. 11.56
59D/fu. 9.75
5.45D/f.u. 8.70

All the deuterium capacities are referred to La;_,Nis ., formula unit.
#Desorption pressure.
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lost (La in la, Ni in 2b, 3¢, 6e, la; and lay) [15]. The
four D sites of the P6/mmm model split into seven ones.
In our refinements, the z positions of the D atoms were
kept constrained in such a way that the loss of the
mirror affects only the occupation ratio of the sites on
each side of the mirror, but not their relative position.
However, in the last stage of the refinement, the z
position of the lanthanum (0,0,z) was refined leading to
a small shift of this latter atom above the ab plane. The
third model corresponds to a cell twice larger obtained
from a doubling of the c-axis in space group P6smc (La
in 2a, Niin 2ay, 2a,, 2by, 2b;, 6¢, 6¢1, 6¢2) [15,18]. In this
double cell, the four sites of the original cell split into 12
different structural positions for the deuterium atoms as
shown in Table 3. However, according to Lartigue et al.
[15], only seven sites are found occupied. Again despite
the symmetry lowering in space group P63mc, z atomic
positions of the D atoms were kept constrained as
shown in Table 3 and occupancy factors for each site
were refined independently. A schematic view of the
three different models is shown in Fig. 1. For sake of
clarity, the figure does not show realistic x and y
positions but describes the stacking of the deuterium
atoms along the c-axis. Finally, as previously reported
by several authors, important anisotropic broadening
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occurs upon cycling and full refinement of the powder
pattern cannot be performed using an isotropic profile
function. Anisotropic line broadening can be described
using two parameters Saa and Scc that represent the
amount of strains in the basal plane and along the c-axis
of the hexagonal cell respectively. The isotropic con-
tribution to the line width was fixed to that of the
instrument. Such an approach has already been
discussed in previous works [19,20] and has been used
again in the present study.

3. Results

Characterization of the intermetallic samples shows
that all compounds are single phase and homogeneous
except for LaNis 4 for which small peaks corresponding
to FCC Ni solid solution are present in the diffraction
pattern (quantity evaluated to 1.9 wt%). Analysis of the
XRD data shows that the parameter a decreases with x
whereas the parameter ¢ increases. The resulting cell
volume decreases as a function of the over-stoichiome-
try. Peculiar attention has been paid to the determina-
tion of the actual over-stoichiometry of our samples. As
the number of electrons of lanthanum atoms (57) is close
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Fig. 1. Schematic view for the different repartitions of the deuterium atoms in the three different space groups (P6/mmm, P6mm, P63mc). For sake
of clarity, the figure does not show realistic x and y positions but only describes the stacking of the deuterium atoms along the c-axis. The different
symbols stand for different Wyckoff positions according to the given space group. Symbol style means empty (white), poorly occupied (hatched) or
partially filled (black) deuterium sites.
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Table 2

Cell parameters, volume and over-stoichiometry for the different intermetallic compounds

Nominal x Nominal formula unit Measured over-stoichiometry x Cell parameters (XRD)(+0.0004 ;A)
La; ,Nisa, EPMA Estimated from aA) cA) V(A%
cell parameters®
0.0 LaNis g —0.04 0.03 5.0157 3.9823 86.76
0.2 Lag.97Nis g6 0.14 0.22 5.0017 3.9915 86.48
0.4 LagosNis g 0.29 0.32 4.9940 3.9974 86.34

#Values are obtained from a linear interpolation from data reported in Ref. [9] for x = 0 and Ref. [21] for x = 0.4.

to that of a Ni dumbbell (2 % 28 = 56), it is difficult to
accurately determine it from powder X-ray diffraction
analysis. However this value can be obtained by EPMA.
In addition, it can be estimated from the variations of
the cell parameters that are very sensitive to x. Results
using both methods are given in Table 2 for the three
intermetallic compounds. A good agreement is observed
between the nominal and the measured compositions for
x =0 and 0.2. As no extra phases could be observed in
the diffraction patterns of these samples, it was
concluded that the actual compositions correspond to
the nominal ones. This is not the case for x = 0.4, for
which a small amount of FCC Ni phase is observed in
the diffraction patterns. Accordingly, the stoichiometry
is expected to be lower than the nominal value. Indeed,
refinement of the occupancy factors for nickel using the
neutron data collected on the saturated deuteride leads
to x = 0.32 in agreement with the value obtained from
EPMA and cell variations. Therefore, the value of x =
0.32 was retained for this latter sample. As metal
diffusion during hydriding is not expected to occur, the
metal compositions for each other deuterated phases
were kept fixed during the refinement of ND patterns to
x =0, 0.2 and 0.32 respectively. Details on the crystal-
lographic structure of the intermetallic overstoichio-
metric phases can be found in Ref. [9].

Analysis of the diffraction pattern has been made first
for the three saturated deuterides LaNisoDgs,
Lag97NisgsDs9 and LaggsNis 1Ds4s. The structure of
the stoichiometric deuteride compound LaNisyDg s
was correctly described using the seven-site model
proposed by Lartigue et al. [15] in space group P63mic.
Superstructure lines are clearly observed involving
the doubling of the c-axis and a partial ordering of the
deuterium atoms. Positions and occupancies of the
different deuterium sites are given in Table 3. A good
agreement is obtained between the refined deuterium
amount (6.5+0.5D/f.u.) and the value determined from
the Sievert’s method (6.5).

The superstructure lines were evidenced in the
pattern of Lagg¢7NisgsDso (x =0.2) as shown in the
inset of Fig. 2. Therefore, the same structural hypothesis
as for LaNisgDgs was evaluated. Indeed, a good
agreement was obtained between the observed and

calculated patterns. Structural data for this compound
are given in Table 3.

For LagogsNis D545 (x =0.4), none of the extra
lines present in the two other deuterides were observed
(Fig. 3). Therefore, simpler structural models were
tested and the best agreement was obtained with the
seven-site model in space group P6mm.

Following the determination of the structural proper-
ties of the saturated deuterides, analysis of the mid-
plateau deuterides was performed. In agreement with
the PCI curves, both « and f phases were found to
coexist in the samples and refinement was made taking
into account both compounds. Typical refined diffrac-
tion pattern is shown in Fig. 4. Careful examination of
the data does not allow finding any superstructure lines
as observed for LaNis oDg s and Lag 97Nis ogDs.9. There-
fore, a two-site (6m and 12r) model in space group
P6/mmm was assumed for the o phase and the seven-site
model in space group P6mm, that is better adapted for
the under-saturated deuterides, was used for the f
phase. Detailed crystallographic data and applied
constraints are given in Table 4.

As already mentioned, a peculiar attention was paid
to the diffraction lines widths for all patterns. Indeed,
severe anisotropic line broadening is observed for all
compounds. Such feature is shown for example for
Lag97NisgsDso in Fig. 5. In order to compare the
broadening in the o phase and in the two deuterides f§ (in
equilibrium with «) and B (saturated), the parameters
Saa and Scc are given in Table 5 and shown in Fig. 7.

4. Discussion
4.1. Metallic sub-lattices

Over-stoichiometry in the intermetallic compounds
LaNis. . involves a decrease of the cell volume as x
increases. Correlatively, an increase of the plateau
pressure and a reduced capacity are observed in the
solid gas measurements (Fig. 6). These results are in
good agreement with the data reported by Joubert et al.
[9]. The structure of LaNis . can be correctly described
by dumbbells of Ni atoms lying along the c-axis.



Table 3

Structural data for the saturated deuterides

P63mc model (2¢) LaNisDg 5 Lag 97Nis 06Ds.0 P6mm model (c) LagosNis 1 Ds4s (+1.8wt%
of FCC Ni phase)
P6/mmm model (c) Refined capacity (D/f.u.) 6.5(5) 6.2(3) Refined capacity (D/f.u.) 5.6 (2)
a,2.c (A) a=5.3954(3), 2.c = a=5.361003), 2.c = a,c(A) a=5.3281(3),c = 4.2752(2)
8.5858(7) 8.5732(6)
V/fu. (A% 108.22(1) 106.69(1) V/fu. (A% 105.11(1)
AV ]V 24.7% 23.4% AV/]V 21.7%
La 1a (0,0,0) La 2a(0,0,z) z=0.0156(8);n = 2(f) 2 =0.0158(9),n = 1.944(f) La 1a(0,0,2) z=0.042(2),n = 0.956(1)
Ni 2¢ (1/3,2/3,0) Ni 2b(1/3,2/3,0) n=2(f) n=1.833(f) Ni 26(1/3,2/3,z2) z=0(f),n=1.738(1)
Ni 2b5(1/3,2/3,1/2) n=2(f) n=1833(f)
Ni 3¢g (1/2,0,1/2) Ni 6¢(1/2,0,1/4) n=6(f) n=06(f) Ni 3¢(1/2,0,z) z=41), n=3(f)
Ni 67 (x,2x,0) Ni 6¢; (x,2x,0) x =0.267(f),n = 0.166(f) Ni 6e (x,2x,z) x=0.267(6),z = 0(f),n =
0.262(1)
Ni 63 (x,2x,1/2) x = 0.267(f),n = 0.166(f)
Ni 2¢(0,0,z) Ni 241(0,0,z/2) 2/2 = 0.13(f),n = 0.055(f) Ni 141(0,0,z) z=0.26(11),n = 0.044(1)
Ni 2a5(0,0, —z/2) —z/2 = —0.13(f), Ni 1a2(0,0, —z) z=0.26(11),n = 0.044(1)
n=0.055(f)
D 4h(1/3,2/3,2~0.36) 2b1(1/3,2/3,2/2) Empty Empty 2b1(1/3,2/3,2) Empty
2by (1/3,2/3,2/2 1) Empty Empty
2b3(1/3,2/3, —z/2) —z/2 = —0.181(1), —z/2 = —0.183(1), 2b2(1/3,2/3, —2) —z = —0.365(4),n = 0.56(2)
n=128(6) n=088(7)
2y (1/3,2/3, —z/2 -1 —z/2 - 1= —0.681(1), —z/2 -1 =—0.683(1),
n=0.29(6) n=0.42(7)
D 6m(x~0.15,2x,z = 1/2) 6¢1(x,2x,2/2) x =0.139(1), x=0.143(1),z/2 = 6e(x,2x,z) x =0.142(1),z = 0.5(f),
2/2 = 0.276(1),n = 3.2(2) 0.288(1),n = 3.6(1 n=1.96(5)
6y (x,2x,2/2+1%) x=0.139(1),z/2+3 = x=0.143(1), z/2+ 1=
0.776(1), n = 0.7(2) 0.788(1), n = 1.04(12)
D 12n(x~0.46,0,2~0.12) 124, (x,0,2/2) x =0.488(3),2/2 = x=0481(3),z/2 = 6d; (x,0,z) x = 0.508(8),
0.0528(3),n = 5.36(8) 0.0539(3),n = 5.26(9) z=0.1095(9),n = 2.48(5)
12d5(x,0,—z/2) Empty Empty 6d;(x,0,—z) Empty
D 120(x=0.2,2x,z~0.35) 6¢)(x,2x,2/2) Empty Empty 6e} (x,2x,z) Empty
6 (x,2x,2/2+1%) Empty Empty
6c5(x,2x,—2/2) x =0.200(8),—z/2 = x=0.216(5),—z/2 = 6¢)(x,2x, —z) x = 0.24(f),
—0.171(1),n =0 —0.147(3),n = 0.38(15) z=-0.342(6),n = 0.59(5)

6¢, (x.2x, —z/2—1)
R factors (%)

No of reflections

x=0200(8), —z/2 -1 =
—0.671(1), n = 2.3(2)

Ry =19, Ryp =23,

72 =29, Rprage = 2.9
164

x=0216(5), —z/2 -1 =
—0.647(3), n = 0.79(15)
R, =22, Ryp =27,

72 =3.9, Rprage = 4.6
163

R, =24, Ryp =322 =
5.0, Rprage = 5.4
96

The three structural models are compared. The four-site model in space group P6/mmm with a single c-axis, the 12-site model in space group P63mc with a doubled c-axis and the seven-site model in
space group P6mim with a single c-axis are described. Estimated standard deviations are given between brackets; occupancy parameters (n) are given in atom per cell; (f) stands for fixed parameters.
AV ]V corresponds to the volume expansion between the intermetallic compound and the deuteride. For the compound Lag 9sNis ;1 Ds 45 the over-stoichiometry of the metallic sub-lattice was refined
using the following constraints: La la(l — y), Ni 2b(2 — 6y), Ni 6e(6y), Ni la; and laz(p).
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Fig. 2. Refined neutron diffraction pattern for Lagg¢7NissDso
(observed (e), calculated (—) and difference (below) patterns). The
inset shows one of the superstructure lines (203) involving the doubling
of the c-axis.
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Fig. 3. Refined neutron diffraction pattern for LaggsNis D545
(observed (e), calculated (—) and difference (below) patterns). The
inset shows the absence of any visible superstructure line by
comparison to Lag ¢7Nis gsDs.9-

Accordingly, this model was retained for the metallic
substructure of the deuterides and it was assumed that
no significant changes occur for the metallic lattice by
hydrogen loading. However, descriptions in P6mm or
P63mc space group allow both refining the z position of
the La atoms (la in Pémm and 2a in P6smc). Such
refinement leads to a small positive shift of the La atoms
along the c-axis (Table 3). Nickel atoms occupy the
same positions as in the parent CaCus structure type.

4.2. o Phases

For all values of x, the o phases are correctly
described in the P6/mmm space group. As reported in
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Fig. 4. Refined neutron diffraction pattern for the mid plateau
deuteride Laj 97NisosD3 (observed (e), calculated (—) and difference
(below) patterns). Both « (bottom) and f (top) phases are shown by
vertical ticks.

previous works on related 4Bs compounds [11,22],
deuterium is found to lie in sites 6m and 12n. Despite the
difficulties in refining coexisting « and f§ phases, a good
agreement is obtained with this structural model,
whatever the stoichiometry x. Our results are also in
agreement with the data published by Soubeyroux et al.
[23] that report on hydrogen in site 12r and possible
occupation of site 6m for the compounds LaNisDy 5.
If the structural model remains the same whatever the
values of x, occupancy factors are significantly different.
The D concentration increases from 0.42(4) D/f.u. for
x=0-0.72(6) D/ffu. for x=0.4 and this capacity
increase is observed at both sites. Accordingly, the cell
volume variation increases from 0.74% to 1.14%.

4.3. B Phases in equilibrium with o ones

All B phases in equilibrium with o can be described
with the same hexagonal symmetry in the P6mm space
group. Compared to the P6/mmm model, this structural
description corresponds to a redistribution of the
deuterium atoms along the c-axis, a loss of the mirror
and a splitting of the deuterium sites (44, 6m, 12n, 120)
into seven (Table 3 and Fig. 1). According to the
literature, the P6mm space group has already been
reported by Lartigue et al. [15] for LaNisDs at 90°C and
by Joubert et al. for LaNisgSng,De; [24] and
LaNiy 75Ptg,5D553 [25] at room temperature whereas
other substituted deuteride compounds LaNis_.M_.D,,
(M =Mn, Fe, Al, Si, Ge) adopt the P6/mmm symmetry
[26,27]. According to these results, the conclusion can be
drawn that for binary LaNis or for a very low
substitution rate, the D ordering along the c-axis occurs
for larger substitution rate, the P6/mmm symmetry is
retained. This is in agreement with the present work as
the over-stoichiometric compounds La;_,Nis,, are



Table 4

Structural data for the mid-plateau deuterides

Nominal composition

LaNi5D2,95

Lag.97Nis 06D3.0

Lag sNis.11D2.08

o Phase (P6/mmm )

Refined capacity
a,c (A), 14 (A3)
AV/]V

La 14(0,0,0)

Ni 2¢(1/3,2/3,0)
Ni 3¢(1/2,0,1/2)
Ni 6/(x,2x,0)

Ni 2¢(0,0,z)

D 6m(x,2x,1/2)
D 12n(x,0,z)

P phase (P6mm)
Refined capacity
a,c (A), V(A%
AV)V

La la (0,0,0)

Ni 2b(1/3,2/3,z2)
Ni 3¢(1/2,0,z)
Ni 6e(x, 2x, z)
Ni 14,(0,0,z2)

Ni 1a,(0,0, —z)
D 2b5(1/3,2/3,z)
D 6e(x,2x,z)

D 6d,(x,0,z)

D 6¢}(x,2x,z)

D 662(Y 2x,—z2)

Total refined in D/f.u.
Discrete vol. expansion

R factors (%)
No of reflections

wt% = 63%
0.42(4) D/f.u.

a=5.0277(3),c = 3.9946(6), V = 87.44(1)
0.74%

2 =0.146(f),n = 0.10(2)
x =0.480(f),z = 0.111(1),n = 0.32(2)
RBragg =5.6

wt% =37%

6.2(4) D/f.u.
a =5.3828(5),c = 4.2744(4), V = 107.36(1) A
23.7%
=0(f),n = 1(f)
z=0(f),n=2(f)
z=5(f), n=3(f)

z = —0.346(8),n = 0.49(3)

x = 0.146(f),z = 0.50(f),n = 1.62(8)
x=0.48(f),z =0.111(1),n = 2.78(10)
x = 0.21(f),z = 0.364(6),n = 0. 16(9)
x=0.21(f),z = —0.364(6),n = 1.16(11)
Rprage = 5.8

2.6 D/f.u.

22.8%

R, =23,R,, =27,02=35
82(et)/97(B)

Wt% = 54%

0.57(6) D/f.u.

a=5.0252(5),c = 3.9966(3), V = 87.40(1)
1.06%

n=0.972(f)
n=1833(f)
n=3(f)

x = 0.267(f),n = 0.167(f)

2 =0.26(f),n = 0.056(f)
z=0.143(f),n = 0.15(3)

x = 0.48(f),z = 0.108(f),n = 0.42(3)
Rerage = 7.2

wt% =46%

5.9(3) D/f.u.

a = 5.3483(5), c = 4.2665(5), V
22.2%

2 =0.052(2),n = 0.972(f)
—0(f),n = 1.833(/)

= %(f) n= 3(f)
=0.267(f),z = 0(f),n = 0.167(f)
0.26(f), n = 0.028(f)
=0.26(f),n = 0.028(f)
—0.366(f),n = 0.59(4)
x = 0.143(f), z = 0.50(f), n = 1.94(9)
X = 0.485(f),z = 0.108(f), n = 2.57(9)
n=0
x=0.21(f),z
RBmgg =8.1

NN N % NN

S
|

= —0.298(f),n = 0.79(9)

3.0 D/f.u.

20.9%

R, =24,R,, =3.0,2=42
82(cr)/98(8)

=105.69(2) A®

Wt% =59%
0.72(6) D/f.u.

a=5.0230(3),c = 3.9967(2), V = 87.33(1)
1.14%

n=0.956(f)
n=1.738(f)
n=3(f)

x = 0.267(f),n = 0.262(f)
z=0.26(f),n = 0.088(/)
z=0.142(f),n = 0.18(3)

x = 0.48(f),z = 0.11(4),n = 0.54(3)
Rirage = 6.1

Wt% =41%
5.2(3) D/f.u.

a = 5.3144(4),c = 42541(4), V = 104.05(1) A®
20.5%

z=0.036(2),n = 0.956(f)

z=0(f),n = 1.738(f)

z=5(/), n=3(f)

x =0.267(f),z = 0(f),n = 0.262(f)

z=

= 0.26(f),n = 0.044(/)

0.26(f), n = 0.044(f)

—0.365(f),n = 0.45(5)

x =0.142(f),z = 0.50(f), n = 1.77(9)
x=0.512(f),z = 0.109(f), n = 2.69(9)
n=20

x = 0.24(f),z = —0.341(f),n = 0.31(9)
RBragg =92

D: 2.6 D/fu.

19.1%

R, =27,Ryp=32,72=49
82(ar)/94(B)

Space group P6/mmm with two site model was retained for the alpha phase whereas the seven-site model in space group Pémim with a single c-axis was used for the beta phase in equilibrium on the
plateau. Estimated standard deviations are given between brackets; (f) stands for fixed parameters. Position and occupancy factors for metallic atoms were fixed to the value used for the saturated

deuterides.
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200
112
1 201
004

26 ()

Fig. 5. Selected region of the diffraction pattern (observed (dots) and
refined (full line)) showing anisotropic line broadening in the deuteride
Lag.97NisgsDs.9 for several 4k [ lines. The anisotropic broadening is
particularly visible from the comparison of 200 and 004 lines.

Table 5

Strain parameters Saa and Scc (1073 A’z) in the basal plane and
along the c-axis of the hexagonal cell allowing the description of the
anisotropic line broadening for the « phase and for the two deuterides
(B in equilibrium with o and g (saturated))

Phase Strain parameter LaNis Lag.97Nis g6 Lag.9sNis 1

o SAA 0.613(5)  0.558(6) 0.453(5)
Sce 0.253(6)  0.262(7) 0.160(6)

p SAA 0.762(9)  0.603(7) 0.439(6)
Sce 0.302(9)  0.343(11) 0.251(9)

s SAA 0.794(4)  0.629(4) 0.424(4)
Scc 0.078(5)  0.070(1) 0.146(5)

very close to the binary stoichiometric one. However, if
the structural models are identical, D occupancies are
significantly different between the compounds: the total
D content decreases from 6.2(4) D/f.u. for x =0 down
to 5.2(3)D/fu. for x =0.4. Total volume expansion
varies from 23.7% down to 20.5%, respectively. From
the neutron diffraction data analysis, it appears that the
capacity loss is almost exclusively related to the decrease
of sites 6¢; and 6¢) (equivalent to 120 in P6/mmm)
occupancies whereas other site occupancies are nearly
constant.

4.4. B Phases in solid solution branch

For the deuterides studied in the solid solution
domain, all compounds can be described in hexagonal
symmetry. However, depending of x, two different cases
are observed. For LaNis and Layg7Nisgs (x =0.2)
superstructure lines are present, involving a doubling of

the c-axis and a correct description is obtained in space
group P6iymc. Again this structural change can be
explained by deuterium rearrangement along the c-axis
as it was proposed by Lartigue et al. [18] for LaNisDg 7,
by Latroche et al. for LaNiyCoDg; [19] and by
Thompson et al. [16] for LaNisD;. The long-range
order implies the doubling of the cell along the c-axis
due to different D site occupancy factors. Appearance of
ordering can be directly related to the increase of the
deuterium content. In the present work, occupancy
factors for stoichiometric LaNis are in rather good
agreement with those reported by Lartigue. However a
higher filling of the sites 6¢ (equivalent to 6m in
P6/mmm s.g.) at the expense of the sites 6¢' (equivalent
to 120) is observed in our work. Moreover, refinement
of the z position for site 6¢ (which was not refined by
Lartigue) leads to a small shift above the plane z = 1/4
and z = 3/4. This has to be related to the small shift also
observed for the lanthanum atom above the origin
position.

For x = 0.4, no superstructure lines can be detected
and the pattern can be correctly refined in the P6mm
space group without doubling the ¢ parameter. How-
ever, it cannot be excluded that a doubling of the cell
related to deuterium ordering may appear at higher
deuterium pressure (i.e., larger deuterium concentration)
for this latter compound. As a matter of fact, the
progressive transformation (corresponding to D atoms
ordering) from P6mm to P6imc subgroup can be
achieved either by increasing the hydrogen capacity or
by decreasing the over-stoichiometry.

According to this work, the deuterium concentration
in the f phase decreases from 6.5(5)D/f.u. (x =0) to
6.2(3) D/f.u. (x =0.2) and 5.6(2) D/f.u. (x = 0.4). As the
samples were prepared in similar conditions (saturated
at about 10 bar D pressure at 25°C), these capacities can
be directly compared. Between the two samples with a
double cell, the capacity reduction is mainly due to a
reduced filling of sites 6¢] and 6¢), (equivalent to 120 in
P6/mmm) but for the compound with x = 0.4 described
in a single cell, the capacity decrease is mainly due to a
poorer filling of site 6e (equivalent to 6m in P6/mmm).

4.5. Comparison with solid gas data

A rather good agreement is obtained between the data
from volumetric measurements and the refined concen-
trations deduced from neutron data analysis as shown in
Figs. 6a—c. The effects of x on the structural and
thermodynamic properties are important. The plateau
width is reduced from 5.8(8) D/f.u. for x = 0—4.5(9)
D/f.u. for x = 0.4. This is due to both an increase of the
maximum concentration of the o phase and a decrease
of the minimum capacity of the § one. Correlatively, the
so-called discrete volume expansion (i.e., the volume
variation at the o—f§ transition) decreases linearly with x
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Fig. 6. Comparison between the data obtained by solid gas measurements (triangle + full line) and the capacity determined by neutron diffraction
analysis (full squares): (a) for x = 0 (absorption); (b) for x = 0.2 (desorption); (c) for x = 0.4 (desorption), the samples prepared for the mid-plateau
analysis are shown as a full circle on the plot; (d) evolution of the volume expansion as a function of the deuterium content (hexagonal symbols for
P6/mmm, open circles for P6mm and full circles for P63mc, dashed line is only a guide for eyes).

from 22.8% down to 19.1%. It is worth to note that the
total volume expansion (i.e., volume change between
intermetallic and deuterides) increases linearly with D
content and is independent of the symmetry (P6mm or
P63mc) as shown in Fig. 6d. However, volume expan-
sion in the o phase is lower than what can be expected
assuming a linear increase of AV/V. Such behavior
has already been observed in other systems like
LaNiy Geg4—D system [27]. It is possibly related to
the fact that only two sites are occupied in the o phase
(6m and 12n).

4.6. Anisotropic line broadening

Line profile analysis provides valuable informations
on the strains induced by hydrogen absorption in the
different samples. Anisotropic line broadening is cor-
rectly described using the two parameters Saa and Scc.
In all cases, San is significantly larger than Scc (Fig. 7).
The values obtained in this work are in good agreement
with data reported by Cerny et al. [20] who found

Saa =0.76 x 103 A2 and Scc = 0.22 x 1073 A2 for
a stoichiometric compound LaNis and Saa = 0.59%x
103A2 and Scc =0.18 x 1073 A2 for a compound
with x = 0.2. However, those data were obtained on
desorbed samples (deuterium loaded in our case)
after 15 cycles (versus 5 cycles for the present work)
and it is expected that such strain parameters can evolve
during cycling process. Nevertheless, our data confirms
the observations made by Cerny et al. [20]: strain
parameter Saa decreases when the stoichiometry
parameter x increases. The behavior of Scc is less
obvious as this parameter is almost constant or even
increases for the saturated deuteride LaggsNis ;D545
but it is very probable that additional hydrogen uptake
would induce a transformation to space group P63mic
and a reduction of the strain parameter. Moreover,
the difference between Saa and Scc is also reduced with
x, leading to less anisotropic broadening. It is worth
noting that the overall reduction of the strain para-
meters is well correlated with the diminution of the
discrete lattice volume expansion AV /V, this confirms
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Fig. 7. Evolution of the strain parameters Saa (full symbol) and Scc
(open symbol) as a function of the D capacity for the LaNis.
compounds with x = 0 (square), 0.2 (triangle) and 0.4 (diamond).

that most of the defects are created when crossing the
two-phase region.

On the contrary to Cerny et al. [20] that measured the
strain parameters on desorbed samples, our data allows
to follow the evolution of the strain parameters as a
function of the hydrogen content. Relatively weak
variations are observed on the plateau and even in the
p branch for Saa. This is no longer the case for Scc that
slightly increases on the plateau, before to be strongly
reduced for all x values within the S branch. This
unexpected behavior cannot be correlated to any
anisotropic effect from the variation of the cell para-
meters since both of them vary almost linearly as a
function of the deuterium content. However, in order to
recover the values observed for Saan and Scc in the
alpha phases or even in the desorbed samples, it can be
concluded that defects are created and removed within
the hydrogenation cycling process. These results must be
compared to those of Wu et al. [28] that studied in situ
the first hydrogenation of stoichiometric LaNis by
means of synchrotron radiation. According to these
authors, the dislocation structure is inheritable during
the o—f phase transition and dislocations are formed
mainly from the nucleation and growth of the f phase,
all being retained during subsequent phase transitions.
From our work and according to the peculiar variation
of Scc in the f branch, a reversible defect loop cannot
be excluded upon cycling.

It can be proposed that the better cycle life observed
for over-stoichiometric samples is related to the overall
reduction of the strains created during cycling process
leading to less defects in the material and thus to a
reduced decrepitation, a phenomenon responsible for
high corrosion of those compounds when used as
electrode materials. All together, these various para-
meters (discrete volume expansion, strain anisotropy
and strain density) are lowered with x, leading to less
brittle materials.

5. Conclusions

The crystal structures of the different phases (« and f
at equilibrium with « and saturated f) have been
determined as a function of the over-stoichiometry x
for the deuterides LaNis, D, (x = 0; 0.2 and 0.4). For
the f§ phases in equilibrium with o, the capacity loss with
x is attributed to a lower filling of sites 6¢| and 6¢}. The
behavior for x = 0.2 can be closely related to that of
the binary stoichiometric compound LaNis whereas for
x = 0.4 the D atom ordering involving a doubling of the
cell parameter along the c-axis is not observed. The
progressive transformation from P6émm to P6izmc
subgroup corresponding to D atoms ordering can be
achieved either by increasing the hydrogen capacity or
by decreasing the over-stoichiometry (x).

Anisotropic line broadening analysis shows that
strains are reduced with over-stoichiometry x. This
effect can be related to the reduction of the plateau
width attributed to a D richer o phase and a poorer f§
one. The compound with x = 0.4 shows much isotropic
behavior that the two other ones that may explain the
better cycle life observed for over-stoichiometric com-
pounds when submitted to long-term absorption—
desorption processes.
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